determined the antimicrobial effect of the application of ozone gas on the microflora of infected dentine associated with non-cavitated occlusal carious lesions and subsequently determined the effect of ozone gas on the viability of bacteria in the exposed infected dentine associated with these lesions.
Materials and Methods

Selection of Teeth for Inclusion in the Study
Freshly extracted molar teeth were used in this study within 15 min of extraction; 1 tooth was used from each patient. All patients gave verbal consent for their teeth to be used in this study, and the collection of teeth for such studies has been approved by the local independent Ethics Committee (04/ Q0704/57). The occlusal surfaces of the teeth were cleaned using a sterile polishing brush and prophylaxis paste with water as a lubricant. Each tooth was dried using dry sterile cotton wool rolls and a dental 3-in-1 air syringe. Subsequently, laser fluorescence (LF; Diagnodent, Kavo, Biberach, Germany) was used to identify teeth with non-cavitated occlusal lesions. To be included in the study, the occlusal surface of the tooth had to have an LF score of between 11 and 30 and an Ekstrand score [Ekstrand et al., 1997] of 3, equivalent to a white-spot lesion visible before or after air drying. Ekstrand score 3 has localized enamel breakdown in opaque or discoloured enamel and/or greyish discoloration from the underlying dentine in clinical examination, and histopathological observation reveals demineralization involving the middle third of the dentine. Of 360 surgically extracted teeth examined, 104 met the inclusion criteria and were included in the study.
Ozone Treatment of Non-Cavitated Occlusal Lesions
The 104 teeth were randomly allocated using a computer-generated random number table (http://www.random.org/) to either an ozone treatment group or to a no-treatment group. The teeth in the ozone treatment group were exposed to ozone gas from the Healozone delivery system (Kavo) for 40 s according to the manufacturer's instructions at room temperature. Immediately following ozone exposure, the enamel was removed from above the dentine using a sterile Jet 330 bur. The consistency, colour and wetness of the dentine were recorded [Kidd et al., 1993] . Subsequently, the dentine was sampled using a standardized procedure with a sterile round steel No. 3 bur, and the sample was placed into 1 ml of Fastidious Anaerobe Broth (Lab M, Bury, UK) and immediately transported to the laboratory for processing. This standardized sampling method yields a high level of agreement between the numbers of bacteria recovered in duplicate samples from the same lesion [Kidd et al., 1993; Paddick et al., 2005] . The teeth allocated to the control group were treated in the same manner as in the test group. The same clinical indices were recorded, and dentine samples were taken without the application of ozone.
To assess the effect of ozone exposure on the viability of bacteria in the dentine exposed following either the ozone or control treatments, the dentine of 52 teeth was exposed to ozone for 40 s, and a second dentine sample was taken from another site on the surface of the dentine, with the same clinical appearance as the site from which the first sample was taken, using a sterile round steel No. 3 bur. This allowed for the determination of the direct effects of ozone on the viability of bacteria in infected dentine.
In all cases the samples were numerically coded in the clinic, and the microbiology laboratory did not know the treatment received by any sample until after the numbers of bacteria per sample had been determined.
Microbiological Analysis of Dentine Samples
The standardized dentine samples were dispersed by vortexing with sterile 3.5-to 4.5-mm-diameter glass beads (BDH, Lutterworth, UK) for 30 s, decimally diluted in Fastidious Anaerobe Broth and 100-l volumes of each dilution were plated in duplicate onto Fastidious Anaerobe Agar (Lab M) supplemented with 5% (vol/vol) horse blood. The plates were incubated anaerobically for 7 days at 37 ° C, and the number of colonies was counted on the most appropriate dilutions.
Data Analysis
The numbers of bacteria in each dentine sample were calculated from the mean of the duplicate Fastidious Anaerobe Agar plate colony counts and these were expressed as log 10 (colony forming units + 1) per sample. The means ( 8 SD) were calculated for microbiological data and LF scores. The data were analysed using unpaired and paired t tests to compare these data sets, for both independent and dependent data while the distributions of categorical data were compared using 2 tests.
Results
Relationships between Clinical Variables
The LF scores for the occlusal surfaces of the 104 teeth included in the final data set ranged from 11 to 30 (mean 21.5 8 4.9). Data from 2 teeth were lost because of contamination. The exposed dentine in all of the teeth was recorded as dry (wetness) and of leathery consistency, while the colour varied, with 23.5% being recorded as light brown, 64.7% as mid-brown and 11.8% as dark brown, indicating that in every case the dentine had undergone a degree of demineralization. The majority of the dentine samples (91.2%) yielded bacteria but there was no significant relationship between LF score and level of infection (r = -0.121; fig. 1 ).
Effect of Ozone on Dentine Microflora Associated with Non-Cavitated Occlusal Lesions
The ozone-treated teeth and the control teeth were not significantly different with respect to most clinical criteria, although the proportion of teeth recorded with dentine of mid-brown colour was significantly greater in the ozonetreated group ( table 1 ). The mean LF scores were not significantly different and the distribution of teeth according to the consistency and wetness of the dentine was not sig-nificantly different. However, the dentine associated with the teeth in the control group was significantly more likely ( 2 = 5.60; p ! 0.01) to be recorded as mid-brown than was the dentine associated with the ozone-treated teeth. There was no significant difference between the numbers of bacteria per sample recovered from dentine of the ozone-treated and non-treated groups ( table 2 ).
Effect of Ozone on Dentine Microflora of Exposed Dentine
The exposed dentine of 52 of the teeth was treated with ozone for 40 s following the initial treatments. The mean numbers of bacteria in the samples taken before and after exposure of the dentine to ozone gas were significantly different (p = 0.049; table 2 ). The microbial counts from the dentine samples taken before and after exposure of the dentine to ozone gas were significantly correlated (r = 0.657; p ! 0.001). The mean log 10 reduction in bacterial counts following exposure of the infecting bacteria to ozone was 0.28 8 0.98. In 31 (59.6%) cases the bacterial count after exposure to ozone was less than the initial count but the distribution of cases between those having a reduced number of bacteria in the sample and those with no change or more bacteria in the sample was not significantly different (p = 0.32).
Discussion
The teeth selected in this study satisfied the criteria that they had an LF score of between 11 and 30 and an Ekstrand score of 3. These selection criteria were chosen to maximize the likelihood that the dentine underlying the occlusal sites would be infected with bacteria. This was found to be so in the majority of cases, although there was no significant correlation between the level of infection and the LF score as has been reported previously [Astvaldsdottir et al., 2004; Iwami et al., 2004] present study, this was due to the limited range of clinical presentation as no sound sites were included. The present data, derived using freshly extracted teeth, provided support for the use of LF to reliably detect infected dentine associated with non-cavitated occlusal lesions [Lussi et al., 1999] . However, Bader and Shugars [2004] suggested following an analysis of all published reports on the use of LF that it could be used as a supplementary method for occlusal caries detection in conjunction with clinical and radiographic assessments, since this tool demonstrates high sensitivity but low specificity, meaning that many sound sites may be incorrectly diagnosed as carious.
Ozone gas failed to reduce the number of viable microorganisms in dentine associated with non-cavitated occlusal lesions. This finding contradicts a previous study which suggested that the bactericidal effect was the major cause for the caries-inhibitory effect of ozone on occlusal lesions [Brazzelli et al., 2006] , although no microbiological investigations had been included in that particular study.
In the present study, only total bacterial numbers were determined, but these data show that the normal microbiota infecting dentine associated with non-cavitated occlusal lesions, including mutans streptococci, lactobacilli and Actinomyces, were not killed by exposure to ozone gas delivered according to the manufacturers' instructions. Clearly the applied ozone gas failed to access the microbiota in the underlying dentine, but even when the bacteria in the dentine, were directly exposed to ozone, the reduction in numbers of bacteria per sample did not approach the very large reductions reported previously [Baysan et al., 2000; Baysan and Lynch, 2004] . The present data indicate that gaseous ozone, applied to a biofilm, penetrating tissue, is not effective in killing the bacteria. This discrepancy requires explanation. It may be speculated that there was diffusion-with-reaction; the interaction between ozone gas and the micro-organism/dentine matrix was so strong as to reduce the effective diffusion gradient of ozone within the tissue. However, the solubility of ozone gas in water is very low and it is likely that the concentration of ozone in the aqueous phase was too low to exert an antimicrobial effect. These chemical interactions will significantly moderate the antimicrobial activity of the applied ozone gas. There are other issues arising from a consideration of the previous studies. A significant reduction in microbial counts was reported [Baysan et al., 2000] but this was achieved by the application of ozonated water, not ozone gas. In a study of the effects of the application of ozone gas to root caries lesions, Baysan and Lynch [2004] reported that the greatest reductions in bacterial numbers were in the smallest lesions (1 mm 2 ) while in larger lesions the effects were much smaller or non-existent. In Baysan and Lynch [2004] , half of the lesion was sampled before treatment to determine the baseline numbers of bacteria and the other half sampled after treatment to estimate the number remaining after ozone treatment; the difference was attributed to the effect of exposure to ozone gas. It seems likely that this method of sampling was more biased than the standardized sampling method used here, and that sampling reproducibility was influenced by the lesion size with larger lesions more reliably sampled than the smaller lesions from which the first sample (baseline) was consistently larger than the posttreatment sample.
It can also be speculated that the small but significant reduction in total numbers of viable micro-organisms within exposed dentine may be mediated by the oxidant effect of ozone, which kills micro-organisms via a mechanism involving the rupture of bacterial cell membranes [Kim et al., 1999] but modulated by the mechanisms described previously.
It is important to consider the conclusions of the recent Cochrane Review and the report from the National Institute for Health and Clinical Excellence, which highlighted the fact that large, well-conducted randomized controlled trials (duration of at least 2 years) conforming to the CONSORT guidelines [http://www.consort-statement.org/stardstatement.htm] are required by independent research teams to assess the effectiveness and costeffectiveness of ozone gas delivery systems for the management of both occlusal and root caries [Rickard et al., 2004; Brazzelli et al., 2006] .
The data derived from this study indicate that the application of ozone gas to non-cavitated carious lesions does not significantly reduce the number of viable bacteria in the underlying infected dentine. While this study does not prove that gaseous ozone application is not effective at treating caries (occlusal or root), it does provide strong evidence that the mechanism by which ozone application might be effective is not mediated by direct killing of bacteria in infected dentine.
